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The possibilities of realizing nanoscale electronic devices have fueled a groundswell of interest in technologies that enable facile nanostructure formation. As traditional top-down patterning methods have been shown to be time consuming and expensive, self-assembly techniques are currently the focus of intense research. Self-organized nanoparticles or quantum dots are considered excellent candidates for applications such as biological assays, magnetic storage, and also for electrical memory applications. In the latter, the self-organized nanoparticles approach represents an elegant method to create huge ensembles of electronic traps that enable the memory functionality. Many efforts have been carried out to assemble nanoparticles on substrates 1,2 since a homogeneous and high density array of charge storage dots is desired. One of the more efficient methodologies for creation of arrays of nanoparticles involves the utilization of self-assembling amphiphilic diblock copolymers, whose ability to microphase separate offers an effortless approach to ordered organization on the nanometer scale. 3, 4 Another major advantage of employing block copolymer is the onestep preparation of nanoparticles/polymer composite by binding the precursor component of the nanoparticle to specific ͑hydrophilic͒ domains of the block copolymer and in situ synthesis of the nanoparticles by chemical reduction. Such preparation method also solves the problem of particle size control and stabilization as compared to the classical stabilization systems by surfactants or in microemulsions. 5 Our earlier work demonstrated an organic memory device based on in situ synthesized gold nanoparticles ͑AuNPs͒ in a block copolymer of poly͑styrene-b-4-vinylpyridine͒ ͑PS-b-P4VP͒. 6 The spatial distribution of AuNPs, incorporated in the P4VP micellar core, with an aerial density of more than 6 ϫ 10 10 cm −2 and average particle size of 10Ϯ 3 nm ͓see Figs. 1͑a͒ and 1͑b͔͒, allows a memory functionality enabled by charge carrier trapping controlled by the applied programing voltage. The charging and discharging in the AuNPs is attributed to electron or hole tunneling between the confined AuNP and the injecting electrode through the thin PS ͑approximately 2-3 nm͒ and P4VP layers, with hole trapping observed to be more efficient than electron trapping. This difference may be related to chemical or physical properties of the nanoparticles and/or due to the variations in energy barrier between the metal electrode and highest occupied molecular orbital ͑HOMO͒/lowest unoccupied molecular orbital ͑LUMO͒ levels of P4VP. A detailed comprehension of these phenomena is essential to develop floating-gate memory devices based on such nanoparticle-polymeric system.
In this paper, we report an investigation on the charging and discharging of electrons and holes in AuNPs embedded inside PS-b-P4VP block copolymer; PS-b-͑P4VP/AuNPs͒, in a metal-insulator-semiconductor ͑MIS͒ configuration ͓inset of Fig. 1͑d͔͒ , focusing on the effect of the injecting metal electrode on the charging ability and discussing the charge transport mechanism. Current-voltage ͑J-V͒ and capacitancevoltage ͑C-V͒ measurements were performed on a Keithley 4200 SCS and a HP 4284A LCR analyzer, respectively. All electrical measurements were carried out in vacuum ͑ϳ10 −4 torr͒. Detailed procedures of the in situ synthesis of AuNPs in PS-b-P4VP and device fabrication are described elsewhere. 6 The charging kinetics in PS-b-͑P4VP/AuNPs͒ thin film was evaluated by applying a voltage pulse at the top Au electrode ͑defined as "gate," V gate ͒ and subsequently monitoring the resultant shift in the C-V characteristics or change in the flatband voltage ͑V FB ͒. Both positive and negative charge trapping in the AuNPs may be realized, determined by the polarity of pulse voltage. Under a +5 V pulse, the observed negative shift in V FB ͓Fig. 1͑c͔͒ reflects a net positive charge in the system, which is attributed to hole injection into the confined states of the AuNPs and/or its interface states. A short charging time of 1 ms is sufficient to observe an appreciable shift in the ⌬V FB ͑−0.2 V͒. On the other hand, under a −5 V pulse, electron injection from the Au gate electrode into the AuNPs effects a positive V FB shift ͓Fig. 1͑d͔͒. The relationship between the change in V FB , the magnitude/polarity of pulse voltage and charging times ͑t͒ are summarized in Figs. 1͑e͒ and 1͑f͒ . In general, both hole and electron trapping events increased with increasing pulse voltage and/or t, indicating increasing charge injection. Two distinct features are noticeable. ͑1͒ For same magnitude of pulse voltage, the ⌬V FB due to electron trapping is lesser as compared to the ⌬V FB due to hole trapping. ͑2͒ Hole trapping in AuNPs can occur in a much shorter time ͑in the range of milliseconds͒ as compared to electron trapping ͑in the range of seconds͒.
In order to explain the above features and better understand the kinetics for the trapping phenomena, the carrier transport mechanism was investigated. In analyzing the negative voltage range ͑0 VϽ V gate Ͻ −6 V equivalent to ϳ1.09 MV/ cm͒, two regions of electronic transport through AuNPs in PS-b-P4VP copolymer: electrode-limited followed by bulk-limited transport are observed ͓Fig. 2͑a͔͒. At low V gate ͑Ͻ−0.5 V͒, the current is oxide limited and band bending in the block copolymer is rather small. When the applied voltage increases, the current increment corresponds mainly to charge transport in PS-b-P4VP film or through the AuNPs. In the voltage range −1.2 V Ͻ V gate Ͻ −2 V ͑0.2-0.36 MV/ cm͒, ln͑J / T 2 ͒ versus E 1/2 yields a linear dependence at temperatures of 300-343 K ͓inset of Fig. 2͑a͔͒ . This fits well with the Schottky emission theory 7 and a barrier height of 0.72 eV is determined. This value is one-half that of the theoretical barrier height of 1.5 eV between the Au electrode and P4VP ͑P4VP LUMOϷ3.6 eV, 8 work function of Au Ϸ5.1 eV͒. This could possibly be attributed to the reduction in effective Schottky barrier height due to electrostatic charging of the AuNPs. 9 With a further increase in the applied voltage, the J-V relation of the AuNPs in PS-b-P4VP film changes and can be described by a power-law relationship similar to the model of collective charge transport in arrays of metallic quantum dots separated by tunnel barriers. 10, 11 Charges are able to tunnel between the neighboring AuNPs with I ϳ͑V − V T ͒ , where V T is the threshold voltage ͑onset of conduction͒ and is the dimensionality for collective electron transport. Note that V T is approximately zero for the room temperature measurement. is determined to be 1.43, indicating that the current conduction is quasi-twodimensional, which is in agreement with a previous report. 11 On the other hand, the control PS-b-P4VP device yields of ϳ1.08 which is close to one-dimensional transport. The scenario for the memory device is likely to be that there are both one-and two-dimensional tunneling paths-charge carriers can tunnel through the intrinsic P4VP nanodomains as well as the AuNPs, which provide additional tunneling paths, and as a result, the current conduction in the thin film is greatly enhanced.
For a positive voltage range, a much higher current density is observed ͓Fig. 2͑b͔͒, indicating that charge carriers readily enter the block copolymer. At low electric field ͑V gate Ͻ 1 V͒, there is weak temperature dependence from 300 to 343 K ͓inset of Fig. 2͑b͔͒ and hence direct tunneling of holes through the PS and P4VP layer into the AuNPs is likely to occur. 12 At higher electric fields, collective charge transport in PS-b-P4VP and PS-b-͑P4VP/AuNPs͒ thin films 
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with similar dimensionality of 0.86 and 1.46, respectively, were again observed, indicating an intrinsic quasi-twodimensional transport of the system. From the C-V and J-V characteristics, we can conclude that the reduced electron injection and trapping ͑in AuNPs͒ effect as compared to hole trapping is attributed to the high work function of the Au gate electrode and high electron affinity of P4VP. Hence, a higher electron injection barrier ͑Schottky barrier͒ exists and a higher applied voltage will be needed for the generation of a large amount of electrons for injection and trapping events. This factor will be discussed later when a lower work function metal of aluminum ͑Al͒ is used as the top gate electrode.
The time required for hole versus electron trapping is discussed next. The flatband shifts as a function of charging time can be seen in Figs. 1͑e͒ and 1͑f͒ . Although the barrier height for electrons is higher, a "writing" time similar to that of holes would be anticipated since the applied gate voltage is well above the threshold voltage ͑for example, J was measured to be ϳ10 −7 A / cm 2 when V gate =−5 V͒. A possible explanation is related to the electron-accepting nature ͑i.e., high tendency to conduct electrons away͒ of P4VP. 13 Hence a sufficiently long charging time is needed to observe appreciable electron trapping in the Au nanoparticles.
High electron affinity polymers and low work function metals have been used to achieve efficient electron injection in devices such as light-emitting diodes.
14 Thus to validate the Schottky barrier effects, devices with Al as the top gate electrode ͑work function Ϸ4.3 eV͒ were fabricated. The ⌬V FB corresponding to electron trapping significantly increased with the use of Al gate ͓Fig. 3͑a͔͒; however, the time scale for charging time did not show any appreciable differences. The unchanged charging time lends further support to the theory that the electron-accepting nature of P4VP contributes to the longer electron writing time. The higher ⌬V FB of 0.34V for Al compared with a value of 0.04 V for Au ͑pulse voltage= −6 V, t =5 s͒ also leads credence to the Schottky barrier observations detailed in previous sections. The current level of Al gate capacitor is higher than the Au gate capacitor, further implying that the barrier between Al and P4VP is smaller than that between Au and P4VP for the same electric field ͓inset of Fig. 3͑a͔͒ . The role of metal gate is also readily observed for hole trapping effect, with Al yielding a much reduced V FB compared with that of Au ͓Fig. 3͑b͔͒. It should be noted that both Au and Al gate capacitors utilizing pure PS-b-P4VP ͑without AuNPs͒ exhibit hysteresis-free C-V characteristics, thus suggesting that nanofilamentary 15 effects due to the metal gate electrodes are not a contributing factor in this study.
In summary, the charge trapping effects of an organic memory system comprising AuNPs in a self-assembled PS-b-P4VP block copolymer thin film was investigated. A variation in energy barrier resulted in a Schottky emission current in the negative bias range ͑Ͻ0.4 MV/ cm͒ and direct tunneling current in the positive bias range ͑Ͻ0.2 MV/ cm͒, followed by a quasi-two-dimensional charge transport regime. The impact of work function engineering was demonstrated with electron charging being more efficient with Al whereas hole charging are more effective with Au electrodes. The kinetics and energy barrier effects highlighted by this study are of significance to read-write frequencies of organic memories, and highlight the need to study electrode work function, HOMO/LUMOs of the host polymer, nanoparticle work function ͑i.e., for nanoparticles other than Au͒, particle size, as well as nanoparticles loading density to design and fabricate effective organic memory devices. 
